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Globally, largest category of cellular polymeric materials are constituted by polyurethane
foams, and they are used in versatile applications [3]. By its very nature of elastic cell
structures, the performances that are gained will be in the form of multi-levels and can be
matched to different end uses. In todays home furnishing industry, among all the cush-
ioning materials available, flexible polyurethane foams have the greatest advantage — the
ability to be predicted fairly upon the given performance requirements that are extremely
sensitive to applications. These foams are used in domestic furniture as cushioning ma-
terials, and in refrigerators as thermal insulating panels [4]. Other specific applications
include, anechoic/acoustic chambers and radio-frequency shielding/absorbing blocks.
ETS-Lindgren, a company based in Durant, Oklahoma, manufactures numerous prod-
ucts based on polyurethane foams for many such applications. The precursor raw material
is treated using carbon black loading and fire retardant salts. However, the current nature
of the fabrication process that is followed at the ETS-Lindgren and most of its competi-
tors results in generation of significant quantity of scrap polyurethane foam loaded with
toxic chemicals. The biggest drawback is that, these foams have to chemically treated to
remove hazards before being disposed to landfills. This leads to very high-cost material,
that, if utilized, would lead to significant benefits. An alternative technique was initially
proposed to eliminate the carbon-black loaded scraps by introducing a novel vacuum as-
sisted infiltration (VAI) process. Using this technique, carbon-black is directly infiltrated
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onto the required foam block shapes with negligible amount of waste. For better disper-
sion of the infiltrated liquid across the compressed polyurethane foam sample, one must
accurately analyze foam compression to predict its permeability at different strain rates.
Hence, this study has been primarily aimed at predicting the permeability of a compressed
polyurethane foam block in the VAI process.
1.2 Foam Structure and Its Types
Foams are essentially a huge network of tiny three-dimensional cellular structures that
resemble a structure of a honeycomb shaped in twelve five-sided planes. Polyurethane
foams can be broadly classified into two categories: open cell foam (flexible foam) and
closed cell (rigid foam).
Figure 1.1: A typical microstructure of an open cell foam
Open cell foam contains pores that are interconnected through a relatively soft net-
works. They are mainly made up of two parts: struts/cell walls and voids/open window
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areas. When a force is applied, the strut and void structure allows air to pass through the
foam material. As shock absorbers perform in a car, the elastic nature of the strut walls acts
as a shock absorber that allows the foam to come back to its original shape after compres-
sion.
On the other hand, closed cell foam does not have interconnected pores, but possess higher
compressive strengths due to their relatively strong nature of the structure. However, these
foams are generally dense, require more material, and hence more expensive to produce.
Open cell foams are primarily used for cushioning purposes where comfort is mainly
needed, while the closed cell foams are primarily used as thermal insulators in refriger-
ators, and building panels for other insulating applications. Both open and closed cell
foams are widely used in sandwich composites as core materials.
Figure 1.2: A typical microstructure of closed cell foam [1]
Open cell foams are increasingly used in acoustic mass applications for treating the
high energy sounds waves that are generated from various sources. They are essentially
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cut into wedge/pyramidal forms to facilitate the breaking down of the sound waves in ane-
choic chambers. These wedge foams attenuate airborne sound waves by exhibiting high
resistance to air, and thereby reducing the wave amplitudes. Energy is finally dissipated
as heat. They are treated with dyes and fire retardants to prevent them from catching fire.
Pyramidal foam blocks are also used as a radio frequency absorbers whose working range
is 100 MHz–40 GHz [5]. The physical size of the foam pyramid determines the lowest
useable frequency. The larger the pyramid dimensions, lower the operational frequency.
Figure 1.3: Anechoic chamber [2]
Typically, anechoic chambers have interior walls stacked with pyramidal shaped polyurethane
foam blocks infused with fire retardants. They are either radiation absorbent or acoustic ab-
sorbent based and insulated from exterior noise sources. Generally in anechoic chambers,
carbon-black is used in pyramidal polyurethane foams, and it acts as a lossy material for
absorbing electromagnetic radiation.
4
1.3 Current Method Followed by ETS-Lindgren-Lindrgren
ETS-Lindgren fabricates acoustic and electrical absorber materials using a two step pre-
cess. First a solid block of open cell polyurethane foam is immersed in a bath of carbon
black, to give suitable electrical characteristics, and then treated with fire retardant salts for
safety. Then, the foam is cut into complex pyramidal shapes to fabricate absorber compo-
nents, that are assembled into various shielding and test systems.
However, the current fabrication methodology result in significant quantity of scrap of
polyurethane foam from the nature of the fabrication process. This scrap foam represents
a high-value and high-cost material, as it has been treated and processed to provide electri-
cal, acoustic, and fire retardant characteristics. Currently, this foam cannot be recycled or
reused and must be discarded at a considerable cost.
The disadvantage of the current method followed at ETS-Lindgren is two fold, as it
increases the cost of production due to high scrap from the processed material. It also in-
creases the cost of disposal, because the foam contains fire retardant salts that can leach out
in landfills and therefore require expensive environmental remediation. Reuse of this valu-
able resource would provide this organization a distinct competitive advantage compared
to other manufacturers.
1.3.1 Proposed Technique and Measures
To eliminate the high-cost arising from the current fabrication method, a new technique
was proposed to employ VAI process directly onto the complex pyramidal foams. In the
proposed technique, the initial solid blocks of open cell polyurethane foams are cut to the
required pyramidal block dimensions [6] and they are infused with carbon-black solution
using vacuum assisted infiltration process for better electrical conductivity.
5
Figure 1.4: Schematic of VAI process
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Fig 1.4 depicts the vacuum assisted infiltration process for infiltrating the solution
that contains carbon-black and fire retardant salts. During the VAI process, the open cell
polyurethane foam is compressed by a powerful suction generated by the vacuum pump.
The liquid is then let inside from one side to get dispersed across the sample. Optimum
dispersion of the liquid is mainly dependent upon the permeability of the foam which is
again governed by the level of compression of the foam exercised by the vacuum power.
Therefore it is imperative to determine the foam material parameters for accurate prediction
of the foam compression that can further be utilized to predict the permeability of the foam
at various compression levels.
1.4 Literature Survey
1.4.1 Foam Material Parameters
Since foams have a structure that is relatively complex than other materials, the resulting
mechanical behavior under compression is also complex which makes it difficult to predict
accurately. Before the computer aided engineering tools can be used to predict the behavior
of foams, they must be expressed mathematically in the finite element software for doing
elemental analysis. A commonly used method to find the material parameters is to fit the
experimental data to the constitutive equation formulated for the specific type of foam.
Constitutive equations have different material parameters and help the general model to be
adapted to represent a specific type of foam.
Since the actual performance of foam is highly non-linear in nature, consideration of the
simple isotropic linear elasticity for modeling does not yield expected results [14]. More-
over, it is impossible for a simple model to predict the bottoming out phenomenon that is
critical to designing foams. As the elastomeric foams fall under the category of hypere-



















































































































































































































































































































































































and depends on the material deformation described by three principal stretches (λ1, λ2, λ3)
or invariants (I1, I2, I3). Three dimensional stress-strain relationships can be obtained by
taking partial derivatives over strain energy density function with respect to three principal
stretches.
Petre et al. [15] had come up with an optimization technique that determines param-
eters for elastomeric foams, using constitutive models by minimizing the error between
model predictions and experimental data for mixed loading conditions. Constitutive model
was coded in Matlab R© and a desired fit was achieved to get material parameters from ex-
perimental results. These materials parameters were then used in foam models to simulate
the actual experiment using ABAQUS R©.
Mills et al. [12] had conducted tests and measured response of open cell polyurethane
foams in compression, simple shear and combination of all modes. The data was fitted to
constitutive equations related to hyperelastic solids that use Ogden’s strain energy function.
He then compared the Ogden’s function with predictions using micromechanics model.
Scanlon et al. [16] modeled indentation on bread crumb using finite element analy-
sis. Hyperfoam material model in the ABAQUS R© was applied to study the mechanical
properties of the crumb of white bread loves. A similar approach of using the uniaxial
compression stress-strain data was followed to model the curves by finite element analy-
sis. The crumb’s compressive material parameters predicted from the Ogden strain energy
function were used in the analysis to correlate the experimental compressive Young’s mod-
ulus and critical stress.




Permeability is of great importance in vacuum assisted infiltration process. In fluid me-
chanics, the permeability of a porous material is well defined as a measure of its ability to
transmit fluid across it. There exists only a limited number of investigations on the perme-
ability of open-cell foams, albeit the hydraulic permeability of open-celled materials has
been studied in detail. However, various researchers have been trying to conduct many
permeability measurements in compressed open-cell polyurethane foams that mainly use
Darcy’s fluid field equations as the backbone [17–19].
Dawson et al. [20] proposed a permeability model on low-density open-cell foams un-
der compressive strain. Using this model, they developed a tractable relationship between
the normalized permeability and the applied strain. They also analyzed the effect of strain
on the permeability of open-cell polyurethane foams by conducting an experimental study.
It was found that the developed model had a good correlation with the experimental data
without having any dependences on the foam cell size, flow direction with respect to the
foam rise direction, and the saturating fluid properties. Later the model was combined with
Darcy’s equation to give the viscous fluid flow contribution to the stress-strain response of
foam under dynamic loading.
Annapragada et al. [21] proposed a computational methodology to predict the perme-
ability and thermal transport in compressed open-cell metallic foams. Using finite element
method, various unit-cell foam geometries were deformed numerically under uniaxial load-
ing. Based on the deformed solid unit-cell geometry, an algorithm was developed to deform
the fluid mesh domain inside the unit-cell foam. Direct simulations were performed on the
deformed meshes for the fluid flow analysis over a range of Reynolds numbers. A corrected
model was proposed for permeability versus strain after validating the simulation against
experimental results.
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Lusher et al. [22] did a study on hydraulic permeability of open-cell hydrophilic polyurethane
foams at steady state over a pressure gradient range of 102–104dyn/cm3. It was found that
the measured permeabilities were sensitive to the relative amounts of surfactant, prepoly-
mer, and water, and to the mode with which these have been prepared. In addition, from
the notable variations between sample-to-sample, it was suggested that effects of mixing
were significantly present on the permeability. At higher pressure gradient testing range,
only a minor factor was observed on the accountability of foam compression towards the
decreased permeability. The Darcian permeability values were correlated against cell size
using the Carman–Kozeny equation. From the correlation it was observed that the pore size
was the major determinant of hydraulic permeability rather than porosity.
1.5 Scope of The Research
Pyramidal shape polyurethane foams fabricated at ETS-Lindgren are being used for Radio-
frequency and acoustic shielding applications. The general manufacturing process followed
at ETS-Lindgren involves immersion of PU foam blocks in a bath of carbon black solution
and fire retardants followed by cutting the blocks into complex pyramidal shapes. Since
the immersion process has inbuilt conductivity variation, it impacts the absorption property
of the foam.
In addition to the above, a significant overhead cost was incurred due to the large quan-
tity of scrap generated during the process that needed treatment for removing chemical
hazards before being disposed into landfills. Thus, the initial scope of the research was
to develop a potential alternative for the existing fabrication process that could reduce the
total overhead costs, and subsequently improve the electrical conductivity. Hence, a vac-
uum assisted infiltration technique was developed to infiltrate the solution directly onto the
pyramidal foams.
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With the VAI on foams as a primary motivation for this research work, the scope of this
research is to predict the variation of local permeability that would define the flow char-
acteristics of pyramidal foams under compression during the vacuum assisted infiltration
process. This variation in local permeability can be used for predicting fluid flow using
computational fluid dynamics in VAI. Modeling the fluid flow would be helpful in predict-
ing the wettability of carbon black fluid on foam and also in locating the inlet and outlet
ports of VAI setup to achieve homogenous infiltration. As the infiltration takes place when
the foam block is compressed, it is imperative to predict the behavior of foams under com-
pression. Hence, predicting the compression behavior of a non uniform pyramidal foam
block and the variation of local permeability of pyramidal foam blocks under compression




2.1 Current material fabrication technique for manufacturing absorber foams
A solid block of raw polyurethane open-celled foam is initially loaded with carbon black
by immersind in a liquid bath of carbon black and dried for 18–20 hours in hot oven. The
dried carbon-loaded foam block is then loaded with fire retardants salts and again re-dried
for 18–20 hours. The treated foam is then taken to machining process where the block is
cut to required shapes. A schematic of the current fabrication technique is shown in fig 2.1
Figure 2.1: Current Fabrication Technique for Absorber Foams [6]
The current manufacturing technique of absorber foams has primary drawbacks of dis-
posal cost which is comprised of two components: the cost of foam-scrap itself, and the
cost of back-treatment of the scrap to safeguard the environment from toxic chemicals.
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2.2 Vacuum Assisted Infiltration Process (VAI)
Vacuum assisted infiltration process is a potential alternative for the existing fabrication
process to reduce scrap and variation in conductivity of foam samples. In the proposed
VAI process, the foam is compressed under vacuum before being infiltrated by the carbon-
loading liquid or fire-retardant salts. Vacuum is maintained to remove the excess liquid and
this process aims at the following:
1. Reduce the carbon black scrap content from the cut solid foam blocks by infiltrating
into the final desired shape. This minimizes the resources spent on the chemical
treatment of scraps before disposal.
2. Minimize the variation in conductivity of foam blocks infiltrated with carbon black
used for RF shielding applications
3. Allow for infiltration of complex shapes whereas the current technique is limited to
uncut foam blocks. This would save time, energy, and the wastage of carbon and
fire-retardant materials that are currently discarded with cut foam scrap.
2.2.1 Vacuum Assisted Infiltration Setup
Vacuum assisted infiltration, VAI, is a simple and useful technique to infuse fluids into any
materials where the primary interest is to make the infusion more homogenous and con-
sistent. In case of absorber foams, this process aids in uniform dispersion of carbon black
achieving good distribution of conductivity across the sample. VAI employs the vacuum
bag technique, in which the wastage of fluid is much lesser compared to other fabrication
techniques.
This method utilizes vacuum to infuse liquids into the subject material. A flexible vac-
uum bag is placed over the top of the foam and then glued to the vacuum sealing tacky tape





Figure 2.2: Carbon infusion of foam
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is used to evacuate the sealed enclosure. The liquid carbon-black solution is then passed
on through the inlet port and gets infiltrated onto the foam by means of the spiral conduits
placed inside the groove cut out in the foam block. The carbon black mixture is allowed to
pass through the foam for a few minutes until it is completely infiltrated and then, the port
is shut off using a spring loaded clamp. The vacuum bagging is then removed and the foam
is allowed to dry. A pictorial representation of the process is shown in fig. 2.2
A typical laboratory fabrication is carried out by laying the sealing/tacky tape to a size
usually greater than the effective material/infusion area on the top of a glass plate, and the
sample (through which carbon-black is to be infused) is placed inside the infusion area. The
polyethylene sheet is then stuck from one side and run all the way around. During this lay
up, careful attention is given to ensure such that there are no air pockets trapped between
the sheet, tape, and the connecting tubes on the inlet and outlet side of the bagging. After
ensuring a perfect sealing, the liquid inlet tube end is closed and the pump is switched on
to evacuate all the air from the bag. The liquid is now ready to be infused.
In the above conventional procedure, an attempt was made to save time in the bag-
ging/layup process. In this method, instead of gluing the tacky tape initially on the glass
plate, it is first glued over the polyethylene sheet to a size just greater than the effective
material/infusion area. And, after placing the foam over the glass plate, this sheet with
already glued tacky tape is placed directly over the glass plate. This greatly enhances the
setup time. Thus the total time of VAI process by this method can almost be reduced by
50% of the total time taken by the conventional layup process.
2.2.2 Determination of Electrical Conductivity and Drying Time
The infusion of carbon black by VAI was carried out on standard foam blocks of dimen-
sions 10” × 10” × 5”. This process was carried out in two sets of three samples each and
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the resistance was measured after the carbon black solution was dried completely. The first
set of samples were subjected to VAI and then allowed to dry in air at room temperature
whereas forced air at room temperature was passed through the inlet tubing for thirty min-
utes after VAI to accelerate the drying time on the second set.
Resistance values were measured with the distance between the probes maintained con-
stant during each measurement to replicate the measurement technique at ETS-Lindgren.
Two values of resistance per side of foam block was recorded which resulted in a total of
twelve resistance values for a foam block. The wet weight of the foam blocks were mon-
itored on hourly basis to measure the drying time/quantity of evaporated carbon black. A
representation of the measurement method is shown in fig.2.3 below
Figure 2.3: Measurement of resistance values
2.2.3 Results and Summary
The measured resistance values on the samples made by VAI were significantly lesser than
those values measured on the sample provided by ETS-Lindgren. As resistance is inversely
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proportional to conductivity, it implies that lesser the resistance values, better the conduc-
tivity. A plot of resistance values of VAI and ETS-Lindgren samples is represented in
fig.2.4.
Figure 2.4: Resistance values normalized with arbitrary values
These resistance values were normalized with arbitrary values to protect the data based
on our collaborator’s interest. It could also be inferred that the distribution of the carbon
black mixture was homogenous in those samples prepared by VAI when compared to the
direct immersion method. Reduction in the weight of the infiltrated fluid was measured for
30 hours at room temperature to observe the pattern of drying with respect to time as shown
in the fig.2.5. It was observed that the samples were not completely dried after the end of
30 hours. An attempt to achieve complete drying was carried out by passing forced air us-
ing a portable heat gun for thirty minutes immediately after infiltration. The temperature of
the air measured around 100◦. There was no significant increase in temperature observed
18
Figure 2.5: Drying time plot at room temperature
inside the vacuum bagging enclosure as the velocity of air from the heat gun was faster
than the vaccum generated by the vacuum pump. Another approach was attempted by con-
necting the inlet tubing with thermal insulations into the exhaust pipe of hot oven where the
outgoing hot air measured about 120◦. The tubing was placed this way for thirty minutes
but the attempt proved futile as no significant increase in temperature was observed.
However, this could be improved by passing the infiltrated foam blocks through a cham-
ber of hot air in conveyors. Also, reduction in relative humidity might help in solving the





This chapter explains the approach followed in predicting the foam permeability using
evaluated material parameters, experimental procedures, and simulations carried out in
ABAQUS R©.
The flow of fluids through compressed open cell foams has been well studied in the
last few decades. The primary relation for the pressure gradient required to maintain fluid











where η and ρ are viscosity and density of the fluid, respectively. The foam permeability,
K(m2), and the inertial flow coefficient, B(m), are the coefficient characteristics of the
medium. Hilyard and Collier (1987) related these constants B and K, as a function of com-
pressive strain for various open cell foams. They extended the prediction and related the
first term on the right hand side of the equation (3.1) to laminar air-flow and attributed the
second term to flow by inertial forces.
As B and K are crucial in predicting the flow characteristics through porous media, it
is of our prime interest to evaluate these parameters in a process like vacuum assisted in-
filtration. With the confidence obtained from initial VAI trials, this study was focused on
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predicting the flow coefficients which would form as a primary reference for flow analysis
and simulation when carried out on a larger scale. A pyramidal geometry is considered
for our work and it will have a significant variation in strain along it’s length under com-
pression. As permeability and inertial flow coefficient is related to strain, it is of our prime
interest to predict these strain contours. The first step in this procedure is to evaluate the
material parameters for modeling the behavior of polyurethane foams under uniaxial com-
pression.
Linear-elastic models are not best suited for describing the large strain response of flex-
ible foams — if a compressive stress equals the Young’s modulus, it would cause the height
of a block of such foam material to decline to zero level — whereby, theoretically, an in-
finite foam-density is obtained which is physically impossible [14]. Hence, there should
exist a non-linear stress-strain relationship that could increase the slope of the curve with
increasing compressive strain values of foam. If the time-dependent mechanical properties
and hysteresis are ignored, they can be approximated as hyperelastic solids or hyperfoams.
Nonetheless, in polyurethane foams, efforts to uncover the elastic response during the large
strain compression have failed, and consequently, any elastic model is an approximation.
Hence, an appropriate relation for strain energy function U can be formed and the parame-





The material parameters were found by fitting the Ogden’s constitutive model with the
uniaxial compression experimental data. Simulation of uniaxial compression on pyramidal
foam blocks using ABAQUS R© and prediction of permeability from the strain contours was
also carried out.
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3.1.1 Uniaxial Compression Testing of Cubical Foam Blocks
The first step in evaluating the material parameters of the foam blocks was initiated by
finding the stress strain response under uniaxial compression. Uniaxial compression test-
ing was conducted on virgin and carbon loaded polyurethane foams. Three samples of size
50mm × 50mm × 50mm of each type of foam block were tested and they were pre-flexed
before compression [25]. Compression testing was carried out in Instron (model 5581) to
get the stress-strain response from cubical foam blocks, as shown in fig. 3.1. The load–
displacement data were then used to establish the required stress-strain plot.
Figure 3.1: Open-cell foam under compression
The stress-strain plot of a foam in compression can be subdivided into three distinct
regions as shown in figure3.2. The first region is linear elastic where the cell walls or struts
experience bending, the secondary region is a plateau where unfavorably oriented cells
buckle and collapse, and the tertiary region is the densification zone where severe stiffening
occurs due to the compaction of the foam [26]. The densification region is characterized
by crushing of the cell walls which results in a significant increase of stress for a small
increment of strain. In open-celled foams, volumetric compression is mostly dominated by
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buckling of struts.
Figure 3.2: A typical stress-strain plot of a open cell polyurethane foam under compression
At higher compressive strains, the foam structure collapses and exhibits a phenomenon
called bottoming out, beyond which localized pressure is exerted. In the event of prolonged
usage, the mechanical property of foams slowly start compromising and the likelihood of
bottoming out increases. This may be due to the damaged struts or cell walls.
3.2 Foam Material Parameters
3.2.1 Ogden model–A Strain Energy Approach for Compressible Elastomeric Foams
In 1972, Ogden proposed a strain energy function for slightly compressible rubbers that
contained strain variants and integral powers [27]. Subsequently, it has been adapted for
low density highly compressible foams. The modified Ogden-Hill strain energy potential
equation for elastomeric foams is available in the commercial finite element analysis (FEA)
software, ABAQUS R© [28] under the material model Hyperfoam.
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From the ABAQUS R© users manual, the strain energy potential function for Hyperfoam


















λi are the principal stretches,
J , the measure of the relative volume,= λ1λ2λ3 =
√
I3,
µi is the shear moduli,
N is an integer,
α is the material parameter,
β is the foam compressibility coefficient.
Here the deformation modes are captured through three principal stretches and volumet-
ric strain, J . As the elastomeric foams are highly compressible materials, J = λ1λ2λ3 6= 1.
























The value of N, or order, can be integers from 1–6. The choice of N value is based on
the degree of non-linearity and the available test data for predicting the material parameters.
The order of N increases when multiple test data from compression, shear, and volumetric
response are used. However, a lower order of N will normally fail to capture the non-
linearity with required accuracy for samples which has significant effects under different
loading [29]. Thus, the typical N value would be 2 or 3 for which a minimum of 50%
compressive strain is exercised.
3.2.2 Determination of Material Parameters from Stress Strain Response
The strain energy potential function for elastomeric foam materials is driven by three im-
portant parameters, namely, µi, αi, and βi. Stress-strain relationships for different types
of loading — uniaxial, simple shear, and combination, are determined by partial deriva-
tives of the strain energy potential function with respect to three principal stretches. This
work primarily focuses on uniaxial compression following the pedigree of other research
on low density polyurethane foams and soft biological tissues which are characterized by
the Ogden’s material model as they exhibit similar nature like elastomeric foams. Hence
the stress-stretch(σi − λ1), relationship is obtained from the partial derivative of strain
energy(U ) over stretch in the uniaxial deformation, λ1. This relationship was then incorpo-
rated into Matlab R© and fitted with the stress-strech response to determine the three material
parameters: µi, αi, and βi.
3.2.3 Stress(σ)−Stretch(λ) from Ogden’s Strain Energy Potential
In uniaxial compression, since lateral stretches were not measured during the test and uni-
axial stress is a function of volume strain, J = λ1λ2λ3, the lateral stretches were deter-
mined in terms of uniaxial stretch, λ1, through the material’s compressibility parameter, β,
by applying the zero lateral stress constraint [30–34].
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Thus, relation between stretches can be written as






J = λ1λ2λ3 (3.6)




















The applied stress for uniaxial compression along the first axis is obtained by differentiating




















































3.2.4 Curve Fitting in Matlab R©
The stress(σ)−stretch(λ) response of hyperfoam material model under uniaxial compres-
sion derived in the equation 3.15, was incorporated into Matlab R© (Version R2010a) curve
fitting tool. Experimental data from the uniaxial compression test with negative strain in
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compression is converted to stretch by the relation, λ = (1 + e) [35]. A curve fit opera-
tion was performed by fitting second order of Eq (3.15) to the experimental data specified
as nominal stresses and nominal stretches. The material parameters were solved by min-
imizing the error between the predicted model and experimental values.This was done by
the nonlinear optimization technique following a nonlinear least-squares-approximation
method in Matlab R© [36].
Figure 3.3: Curve fitting of polyurethane foam experimental stress-stretch in Matlab R©
The Trust-Region algorithm was chosen, which is claimed to be more powerful than
Levenberg-Marquardt and Gauss-Newton algorithms for a non-linear curve fitting proce-
dure [37]. The lower and upper limits were adopted from Petre et al’s work and the bounds
were fixed at [-10,10] Mpa for µ1 and µ2, [-50,50] (unitless) for α1 and α2, and [-0.3,1]
(unitless) for β1 and β2 respectively. As the optimization process fits the curve to attain
the least root mean square in order to provide the best fit, it is possible that the predicted
values might exceed the realistic value of these parameters. It is also possible that the same
curve could be fit with a very close RMS error but with extremely different material pa-
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rameters. Hence, the optimal curve fit was performed to attain positive values for shear
modulus µ1andµ2, as no physically realistic deformation would result in a negative shear
modulus. α1, α2 were not allowed to be zero for numerical stability and β1, β2 were re-
stricted within [-0.3,1](unitless) to reflect the nature of highly compressible foams [38]. A
set of material constants/parameters were obtained for raw foam and carbon-black-loaded
foams by performing the curve fitting procedure.
3.3 Simulation Technique Using ABAQUS R©
3.3.1 Validation of Material Parameters on Cuboidal Foam Blocks
The material parameters predicted using Matlab R© must be verified using ABAQUS R© be-
fore they can be extended to model the compression on the pyramidal foam blocks. This
was carried out by reproducing the uniaxial compression on a cuboidal foam block in
ABAQUS R©. A quarter size of the actual experimental block was modeled for reducing
the computation time. A cuboidal block of size 25mm x 25mm x 50mm was modeled.
The material parameters were incorporated in the Hyperfoam material model using the co-
efficient input mode in the property module of ABAQUS R©. A dependent part instance
was created in the assembly module and the non-linear geometry (NLGEOM) was enabled
considering large displacements.
Vertical translation and all rotations were arrested in the bottom face of the block and a
negative displacement of 40mm was defined on the top face of the foam block. Rectangular
meshes of size 2.5mm were created in the meshing module. Simulations were carried out
with evaluated material parameters for one sample of raw polyurethane foam block and one
sample of carbon black infused foam block. The samples were selected by comparing the
RMS error and one best fit sample with least error value was selected from each category.
The results of the stress(S22) vs strain(LE22) were obtained from the visualization module
and this image was superimposed with the experimental stress-strain curve. A closer fit
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Figure 3.4: Meshed cuboidal block subjected to uniaxial compression in ABAQUS R©
from the ABAQUS R© results with the experimental curve validated the accuracy of the
predicted material parameters.
3.3.2 Simulation on Pyramidal Foam Blocks
Once the material parameters were validated from the uniaxial compression of cuboidal
foam block, it was then extended to model compression on a scaled down acoustic ab-
sorber foam block. A block of foam, 1/64th in size of an absorber foam block obtained
from ETS-Lindgren was modeled in Solidworks 2010 R© with four pyramids rested on a
rectangular base. Each pyramid of height 62.5mm was modeled and an array of four pyra-
mids of same dimensions were created on the top of a rectangular base measuring 37.5 x
37.5 x 12.5mm. This was exported as a initial graphics exchange specification (IGES) file
for performing compression simulation in ABAQUS R©. The imported model was then as-
signed suitable material parameters using the Hyperfoam material model in ABAQUS R© for
both raw polyurethane foam blocks and carbon infused foam blocks. In order to carry out
an uniaxial compression on a pyramidal foam block, an analytically rigid plate of 75mm x
75mm was modeled and assembled to be in contact with the sharp edges at the apex of the
pyramids. Dependent instances were created for both the pyramidal block and rigid plate
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in the assembly module. Non-linear geometric parameter(NLGEOM) was enabled consid-
ering large displacements. As this problem involves a sharp contact on a material like an
elastomeric foam, an adaptive stabilization was used with a maximum ratio of stabilization
to strain energy as 0.4 in the step module.
Figure 3.5: Meshed pyramidal block with rigid plate subjected to uniaxial compression in
ABAQUS R©
Considering the non-linearity of the problem, the maximum number of increments was
raised to 10000 with a minimum increment size of 10 ×10−6. The solution technique
followed the contact iterations algorithm and conversion of severe discontinuity iterations
was turned on to ensure the progress of analysis in the region of severe discontinuities. The
rectangular base at the bottom was arrested for all translations and rotations. A negative
vertical displacement of 60mm was applied at the reference point of the rigid plate with
other translations and rotations arrested in this location. A frictional coefficient of 0.2 was
assigned at the point of contact and the interaction is defined by selecting the rigid plate
as the master surface and all the pyramids as the slave surface. The pyramidal foam block
was meshed as a tet element with a size of 4mm and the rigid plate was left unmeshed.
Simulations were then performed and the strain contour plots after compression were ob-
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tained from the visualization module. The local logarithmic strains at different regions of
the strain contour plots were converted to local engineering strains which was used in the
prediction of permeability and inertial flow coefficient across the compressed foam block.
3.4 Determination of Permeability
3.4.1 Strain Dependent Permeability
Hilyard and Collier (1987) showed that, for several types of polyurethane foams, the foam
permeability K(m2) and inertial flow coefficient B(m) were functions of the applied com-
pressive strain. Based on an approximate model for the permeability of isotropic porous
solids, they have proposed semi-empirical equations for Kand B with compressive strain
in a direction perpendicular to the flow direction. The relation was obtained from a set of




















B0 ≈ d (3.19)
where K0 and B0 are the initial permeability and inertial flow coefficients of the un-
deformed test samples before compression. Hilyard and Collier showed that K0 and B0
varied with the mean cell diameter of foams. The relative density (R) is the ratio of weight
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density of foam test block(ρ∗) to that of the solid from which the cell walls are made (ρs).
The solid density(ρs) is a standard property for different types of foams and this value for
commonly used polymers are available from many resources. Solid density(ρs) for flexible
polyurethane foams has been inferred as 1200Kg/m3 from Cellular solids by Gibson and
Ashby [4]. When the foam block was subjected to compression, it leads to densification
and the relative density varied with respect to the amount of compression. Hence for a sam-
ple with non-uniform geometry like pyramid, it was more accurate to calculate the relative
density based on the strain experienced at a particular level of compression instead of cal-
culating the foam density based on reduction in area. Dawson et al, established a relation
for relative density (R) with respect to strain, where strain is taken as a negative value in





(ρs)(1 + ε)(1− νε)2
(3.20)
Here ρ∗0 is the initial density of the foam at 0% compression, ρ
∗ is the density of foam
at strain ε and ν is the effective poisson’s ratio of the foam. Hence, the variation of relative
density with different level of strain was obtained from this relation which was used in the
equations (3.16 and 3.17) for finding the permeability and inertial flow coefficient.
3.4.2 Determination of K0 and B0
It was found that the initial permeability of the uncompressed foam block (K0) and the
initial inertial flow coefficient (B0)varied with respect to the mean cell diameter (d) of
foams. Hilyard and Collier observed that though there were variations in the cell shape
and structure of different samples, it was the mean cell diameter that primarily governs the
permeability in an uncompressed foam block. Hence, finding the mean cell diameter was
important to determine (K0) and (B0). The mean cell diameter was found by averaging the
minimum and maximum diameters of different cells measured under the scanning electron
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microscope (SEM) [39–41].
Figure 3.6: Minimum and maximum diameter of foam cells under SEM
The cells were focussed at 1mm resolution obtained by applying a voltage of 4.0kV in
the S4800 model of SEM manufactured by Hitachi. The measurements were arrived from
whole cells. Abnormally bigger cells were not considered for measurement as they were
cut out by the border of the SEM image. The diameters were measured using the ruler tool
in the analysis tab of Adobe Photoshop R©. At least 20 measurements were made for both
minimum and maximum diameters from different SEM images captured from different
regions of the foam block. These were then averaged out and the final value was used
in the prediction of initial permeability and inertial flow coefficient (K0) and (B0) using




4.1 Compression Model of a Simple Cuboidal Foam
4.1.1 Material Parameters from Matlab R©
Experimental stress-stretch curve of raw polyurethane and carbon-black foam was fitted
to Ogden’s constitutive model for stress-stretch from Eq 3.15 using Matlab R©. The best fit
was obtained for finding all the foam material parameters by minimizing the error between
model predictions and experimental results. From the curve fitting, root mean square errors
as a percentage of maximum stress were produced, and a best fit was achieved for each
sample that had the least RMS value. Equation 4.1 relates the expression for finding RMS







n is the number of data points being fit,
σmod is the model predicted stress,
σexp is the experimental stress,
σmax is the maximum experimental stress.
Curve fitting of second order stress-stretch relationship obtained from Ogden’s strain
energy potential were performed and the starting points were provided based on the mate-
rial parameters obtained by Eredemir et al.
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(a) Stress-stretch plot of polyurethane foam
(b) Stress-stretch plot of carbon-black infused polyurethane foam
Figure 4.1: Matlab R© fit against experiemental data for 2nd order
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Table 4.1 lists the parameters for raw polyurethane and carbon-black foams. Graphs,
(a) and (b), of fig. 4.1, represent the fitness of model-predicted stress-strain curve against
the experimental data in Matlab R© for one sample of raw polyurethane and carbon-black
infused polyurethane foam respectively. The compression behavior of raw polyurethane
foam suggests that there was a longer initial elastic region and a moderate uptrend in stress
in the plateau region followed by densification. Whereas, the carbon-black infused foam
was characterized by a shorter elastic region and a perfect plateau region followed by a
sharp densification.
Parameter Polyurethane Carbon-black
Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
µ1 0.001851 0.002516 0.001233 2.92E-05 4.39E-05 0.0001018
α1 5.069 4.326 5.143 −4.59E+00 −3.459 −2.467
β1 0.1154 0.08105 0.1876 0.07889 0.1385 0.107
µ2 0.02115 0.02181 0.02347 0.03391 0.036 0.04237
α2 17.75 19.55 19.48 22.19 22.89 20.8
β2 −0.05694 −0.0656 −0.04439 −0.008637 −0.01583 −0.01702
RMSE 7.03E-05 6.55E-05 7.67E-05 9.97E-05 8.94E-05 9.23E-05
Table 4.1: Matlab R© parameters of polyurethane and carbon-black foams
4.1.2 ABAQUS R© Simulation Results
A cuboidal shape of foam of one-fourth the size (25 × 25 × 50 mm) of the actual tested
sample was modeled in ABAQUS R© to reduce the computational time. The values ob-
tained from ABAQUS R© simulation were plotted against the experimental values for the
best fit material parameters obtained from Matlab R©. The stress strain response obtained
from ABAQUS R© showed a good match with experimental results with overlapping of the
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curves in the initial elastic and plateau region which widens a bit in the tertiary region. This
validated the accuracy of the predicted parameters from Matlab R© which could be used for
modeling the pyramidal foam block. Figure 4.2 shows the ABAQUS R© fit against experi-
mental values for polyurethane and carbon-black foam samples.
Figure 4.2: ABAQUS R© simulation versus experimental data
4.2 Compression Model of a Pyramidal Foam
Finite element simulations on raw polyurethane and carbon infused pyramidal foam block
were carried out with the material parameters validated by the cuboidal foam block in
ABAQUS R©. Strain contour plots were obtained from the Step/frame field output values
under the results tab of the visualization module in ABAQUS R©. Raw polyurethane foam
model under compression exhibited very high local strains near the apex or the edge of the
pyramid which were in close proximity with the rigid plate. The distribution of local strain
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values along the height of any cross section of the foam block decreased from top to bottom
of the pyramid and this pattern was uniform across the width in case of a raw polyurethane
foam. The sharp tip at the edge of the foam block was the zone subjected to maximum local
strain and proximal locations to the tip experienced relatively lower strains in this case. A
contour plot of local strains of the raw polyurethane foam under compression is presented
in the figure 4.3
Figure 4.3: Strain contour of compressed raw polyurethane foam
Alternately, running the FE simulation with parameters of the carbon black infused
foam showed a distributed pattern of local strains throughout the compressed pyramidal
block. The variation of strains were more distributed in this case along the width and height
of the foam block. This could be mainly attributed to the higher density of the carbon foam
block when compared to the raw polyurethane foam which has made the carbon black
foam more stiffer under compression. Higher the density would essentially result in less
deformation. A contour plot of strains of the carbon black infused foam is represented in
the figure 4.4
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Figure 4.4: Strain contour of compressed raw carbon black infused foam
Figure 4.5: Local relative density of polyurethane foam
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4.3 Permeability and Inertial Flow Coefficient
The compressive strain values at 80% of the total height of the foam block from ABAQUS R©
simulation on the pyramidal foam block was used to find the foam permeability related with
local strain. Since the relative density (R) of foam is a function of strain, a plot was gen-
erated for polyurethane foam in order to observe the variation of R at different regions of
compression. Figure 4.5 shows the graph plotted between relative density and local strain.
It was observed that the relative density increases with increase in local strain and hence,
we can observe the progression of relative density from the bottom face to the top face of
the compressed pyramidal block.
The mean diameter of the open cell polyurethane foam was found to be 0.45mm from
the average measurements of minimum and maximum diameters. The initial permeability
(K0) and the inertial flow coefficient (B0) was found to be 5.0844 × 10−10m2 and 4.5 ×
10−10m respectively.
From the strain contour plots of raw polyurethane foam, it could be observed that the
strain variation from top face to bottom face of the raw PU foam decreases and this is due to
the loose nature of the structure; upper half portion of the initial pyramid is strained higher
than the remaining part. At locations near the apex, very high local strains (> 90%) lead
to negative permeability. This is because the combined value of strain and relative density
exceeded the numerical value 1. Obtaining a negative permeability is practically unreal-
istic. Hence, this indicates that for a particular geometry like a pyramid built with certain
material parameters like that of raw polyurethane foam, the compression should ensure that
the local strains should not exceed ( 90%). A generalization that could be arrived is that the
combined value of strain and relative density shouldn’t exceed the numerical value 1 for
having any medium permeable to flow. With respect to strains, it could not be concluded
that any block of foam should not be strained higher than 90% of local strain, as it depends
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on geometry and also the material density.
In the case of carbon-black infused foam, due to the relatively higher density and
higher stiffness, the distribution of local strains didn’t follow a regular pattern like raw
polyurethane foam along the height. The local strains were more distributed and the maxi-
mum that it reached was about 86%. Hence, in this case, we didn’t experience any case of
negative permeability as the combined value of local strain and relative density did not 1.
As it is relatively packed, and high local strains were found to be more distributed across
the entire cross section of the foam, we can infer that the carbon infused foam is less perme-
able to intake fire retardants. Irrespective to the foam blocks, the variation of permeability
followed the same trend with different values connecting the same curve. This was the
same with the case of inertial flow coefficient.
In summary, results of local strain dependent permeability and inertial coefficient from
graphs (a) and (b) of figs. 4.6 and 4.7 show that, high local strains lead to low local perme-
ability, low inertial coefficient, high relative density and vice-versa. With in the two foam
samples, raw polyurethane foam has higher local permeability and allows a better infusion
and dispersion of carbon black. Conversely, the carbon black infused foam is relatively
less permeable to fire retardants due to higher local strains .In summary, there is a high
likelihood of even distribution of carbon-black liquid onto raw polyurethane foam when
compared to the distribution of fire-retardants onto carbon-black foam.
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(a) Unidirectional local permeability contour of polyurethane foam
(b) Unidirectional local permeability contour of carbon-black foam
Figure 4.6: Local permeability for polyurethane and carbon-black foams
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(a) Unidirectional local inertial coeffiicient contour of polyurethane foam
(b) Unidirectional local inertial coefficient contour of carbon-black foam




5.0.1 Vacuum Assisted Infiltration
The initial vacuum assisted infiltration trials for infusion of carbon black in polyurethane
foam blocks resulted in higher conductivity of foam samples compared with the current
fabrication process. This technique promises to be a potential alternative to the existing
fabrication technique followed at ETS-Lindgren and is also environmental friendly. This
process also has inherent advantages of less consumption of the fluid as infiltration takes
place on a compressed foam block where the open pores are brought closer under compres-
sion. As the infiltration occurs in vacuum, it ensures complete impregnation of the fluid
and provides homogenous dispersion of the fluid across the foam block.
Vacuum assisted infiltration trials were conducted on six foam blocks and resistance
values were measured on all faces of the foam block. The resistance values measured on
foam blocks fabricated by vacuum assisted infiltration were almost half that of those values
measured on ETS supplied foam. Reduction in resistance values would mean higher the
conductivity, a key parameter in the performance of anechoic chambers. Drying time was
periodically monitored and these samples were air dried for 30 hours. The samples were
not completely dried at this time period. Alternate options of drying were attempted by
passing hot air up to 100◦ from a heat gun into the inlet port for about 20 minutes and the
drying rate was monitored. Another attempt was made by passing exhaust air from hot oven
at 120◦ for 30 minutes. Either of them didn’t help in drying as the air flow from the heat
gun was much faster than the vacuum generated by the vacuum pump and the temperature
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rise couldn’t be realized inside the vacuum enclosure. Drying time is a parameter which
should be worked on improvement and it might be expected by centrifuge drying or by
passing these blocks through a hot chamber in in conveyors.
5.0.2 Permeability and Inertial Flow Coefficients
VAI being the primary motivation, the scope of this work was extended to predict the varia-
tion of permeability(K) and inertial flow coefficients(B) across the compressed pyramidal
foam block used as radio-frequencey absorbers and anechoic chambers. This variation in
local permeability can be used for modeling fluid flow using computational fluid dynamics
in VAI. The first step in the process of predicting the permeability has been to predict the
material parameters of the polyurethane foams. Uniaxial compression were performed on
blocks of raw polyurethane foam and blocks infused with carbon black solution. The non-
linear stress strain response was used to determine the material parameters that define the
nature of elastomeric foams. Shear modulus(µ) and the material constants (α, β) were pre-
dicted using a second order Ogden’s strain energy function for elastomeric foams. Hence,
six material parameters ((µ1, µ2, α1, α2, β1, β2) were obtained using the curve fitting tool
in Matlab R©. Care was taken to ensure that the constants derived out of the curve fitting
process were realistic with positive values of shear modulus as the same curve could be fit
with different material parameters. The material parameters were validated by reproducing
the uniaxial compression on solid foam blocks in ABAQUS R©. A very close curve fit was
obtained between simulations and experiments which validated the accuracy of material
parameters.
To predict the permeability of the compressed open cell flexible foams which varies
with respect to local strains, a pyramidal block was modeled in Solidworks R© and was sub-
jected to uniaxial compression in ABAQUS R©. Simulations on the pyramidal block were
carried out for material parameters arrived for both raw polyurethane foams and carbon
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black infused foams. The meshed model was subjected to uniaxial compression by an an-
alytically rigid plate. Strain contour plots were generated in ABAQUS R© for both types of
foams. Local strains experienced by raw polyurethane foams were around 90% and above
at the sharp tip and nearby proximal zones. Majority of the height of the compressed foam
has shown low local strains levels. Low local strains correspond to high local permeability.
This would transform into a high likelihood of uniform dispersion of carbon-black liquid
into raw polyurethane foam.The permeability decreased with increase in local strain and it
was observed that the permeability was negative in the regions which experienced strains
of 90% and above. Experiencing a negative permeability is non-pragmatic and this would
essentially transform that compressive load applied on a geometry like pyramid should not
locally deform the foam block more than 90%, hence making the medium permeable for
the flow.
In case of the carbon black infused foam, the local strains were more distributed all
across the width of the foam. This could be attributed to the density of the carbon black
infused foam which was relatively higher than the raw polyurethane foam, hence mak-
ing it more stiffer to deformation. The permeability values had a similar trend like raw
polyurethane foams but there was no observation of negative permeability unlike raw polyurethane
foams. In comparison, carbon black infused foams seemed to be less permeable for infu-
sion of fire retardants.
The inertial flow coefficient governing turbulent flow decreased with increase of local
strain values and followed the same trend for both raw polyurethane foams and carbon
black infused foam blocks. A practically realistic value was not achieved for local strains
more than 90% in case of raw polyurethane foams as they were calculated as the square
root of permeability.
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Hence, it could be concluded that VAI is a potential alternative to the existing fabrica-
tion technique for manufacturing absorber foams. As infusion and permeability are closely
related, it could be concluded that complete infusion on the foam block can be achieved
under 90% of local strains under compression.
5.1 Scope for Future Work
5.1.1 Simulation of Fluid Flow Across the Compressed Pyramidal Block
The permeability and the inertial flow coefficients can be extended to predict the pressure
drop across the foam length [42]. This would be helpful in modeling the fluid flow using
CFD considering other parameters like viscosity, density and the velocity of the impregnat-
ing fluid. The flow pattern could be visualized for different velocities for different fluids.
Also, an extension of the work to monitor the wettabitlity of the fluid on the foam block
could prove useful in predicting the optimal location of fluid ports for maximum impreg-
nation of the fluid.
5.1.2 Vacuum Assisted Infiltration Setup for Commercialization
To commercialize the VAI process for large scale infiltration of foams, a VAI mold setup
was conceived to ease the process of laboratory setup by eliminating tacky tapes. It consists
of a rectangular aluminum plate with a square slot cut in the centre for loading the samples
from the bottom side. The cut square slot is covered with rubber seal at it’s circumference
and this can create a vacuum tight seal when inserted back into the plate. It is also provided
with two latches located diametrically opposite to secure it’s position with the base plate.
Rubber sealing is constructed around the periphery of the base plate on the upper side and
adequate vacuum bag to accommodate foam block is spread on the top of the plate. Alu-
minum bars are rested on the vacuum bag forming a wall around the base plate and can
be held in position by a spring clamp. This would ensure intact sealing of the vacuum bag
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between the base plate and aluminum bars.The base plate is rested on the supports at all the
corners in the bottom side. A representation of the setup is shown in the fig 5.1
Figure 5.1: A setup for commercializing vacuum assisted infiltration
The loading of the samples takes place from underneath of the base plate by removing
the square slot which can be placed back after loading the foam sample. This setup now
forms a sealed enclosure similar to the laboratory VAI setup. The aluminum bar on the
front view has two openings one of which is connected to the inlet port and the other is
connected to the resin trap. These ports pass through the vacuum bagging and sealing has
to be ensured by close interference. A vacuum sealed enclosure can be created by activating
the motor which pulls vacuum through the resin trap and thereby collapsing the vacuum bag
allowing the carbon black to infiltrate.
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